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Formulated in the early 1960s, the replicon hypothesis proposed that 
DNA synthesis is controlled by the interaction of initiator proteins with 
genetic elements termed replicators (Jacob et al. 1964). Study of the in- 
teraction of purified initiator proteins with cis-acting replicators from 
bacterial chromosomes, bacteriophage, and eukaryotic viruses has led to 
a general model for the assembly of replication forks at physically 
defined sites, or origins of replication (Bramhill and Kornberg 1988). In 
prokaryotes and viruses, the genome commonly consists of a single 
replicon, with a single replicator controlling initiation of DNA synthesis 
under all growth conditions. In higher eukaryotes, the genome consists of 
hundreds to thousands of replicons, and the order of replicon synthesis 
may vary as a function of growth conditions or cellular differentiation. 
Since the decision to initiate DNA synthesis is a critical point of control 
in the cell cycle, there is considerable interest in the structure of 
eukaryotic replicators and the factors that regulate their selection and ac- 
tivity under various conditions. Although the replicators of mammalian 
chromosomes and their cognate initiators have yet to be described, the 
basic unit of DNA synthesis remains the replicon. 


REPLICONS AND REPLICON CLUSTERS IN MAMMALIAN CELLS 


DNA fiber autoradiography has shown that mammalian DNA replication 
is usually bidirectional, with equivalent rates of synthesis at each of the 
two forks in a replication bubble; that initiation begins at multiple, dis- 
persed sites spaced 50-250 kb apart; and that initiation within clusters of 
contiguous replicons tends to be coordinately controlled (Huberman and 
Riggs 1968; see also Hand 1978). Thus, at the level of the replicon, DNA 
synthesis in mammalian cells initiates at a single site, proceeds bidirec- 
tionally through the agency of two replication forks, and terminates when 
forks of neighboring replicons converge. 
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Localization of replicating DNA in S-phase nuclei by autoradi- 
ography or immunohistochemical techniques shows that DNA synthesis 
occurs in discrete foci, each of which contains several hundred replica- 
tion forks (Nakamura et al. 1986; Berezney 1991b; Fox et al. 1991; Has- 
san and Cook 1993). Models for the organization of replication foci sug- 
gest that the periodic attachment of replication origins to the nuclear 
scaffold (or matrix) generates topologically constrained DNA loops that 
are reeled through fixed sites of synthesis during DNA replication (Par- 
doll et al. 1980; Nakamura et al. 1986; Berezney 1991a; Cook 1991). In 
metaphase chromosomes, DNA is also organized in loops that are an- 
chored to a proteinaceous scaffold (Saitoh and Laemmli 1994 and 
references therein). Although there is a general correlation between the 
sizes of chromosome loops and replicons (Buongiorno-Nardelli et al. 
1982), the precise relationship between replicons, interphase DNA loops, 
and metaphase chromosome structure is not well understood. To date, no 
protein involved in the organization of chromosome loops has been 
linked directly to initiation of DNA synthesis, nor has a functional rela- 
tionship between scaffold attachment sequences and replication origins 
been demonstrated. 


ASSEMBLY OF REPLICATION COMPLEXES 


There is considerable interest in the order of assembly of replication 
complexes at initiation sites and how the assembly process is regulated 
during the cell cycle. Immunolocalization of replication factors during 
the cell cycle suggests that replication complexes are assembled in multi- 
ple steps (Kill et al. 1991). Entry into the S phase is accompanied by the 
redistribution of some replication factors that are constitutively 
synthesized, such as the DNA polymerase accessory factor proliferating 
cell nuclear antigen (PCNA) (Bravo and Macdonald-Bravo 1987), to 
replication foci, whereas other replication factors, such as DNA 
polymerase-a (Bensch et al. 1982) and cyclin A (Cardoso et al. 1993), 
are preferentially expressed in G, and then recruited to replication sites. 
In nuclear reconstitution studies with Xenopus egg extracts, replication 
foci are generated during nuclear assembly prior to DNA synthesis 
(Adachi and Laemmli 1994). Assembly of replication foci in synthetic 
nuclei requires the single-stranded DNA-binding protein RP-A and in- 
activation of the mitotic cdc2/cyclin B kinase complex (Adachi and 
Laemmli 1994). These results suggest that selection of initiation sites oc- 
curs postmitotically and is dictated by factors that participate in nuclear 
reorganization during the transition from mitosis to the G, phase. 
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Assembly of replication foci may not require specific DNA se- 
quences. Xenopus egg extracts are able to assemble DNA from any 
source into synthetic nuclei (Blow and Laskey 1986), which contain 
replication foci indistinguishable from those of native nuclei (Mills et al. 
1989). Moreover, the DNA in synthetic nuclei is duplicated once and 
only once per nuclear assembly cycle (Blow and Laskey 1988). These 
results suggest metazoans may not require specific sequence elements to 
initiate DNA synthesis or to limit replication to once per cell cycle. 
Nonetheless, localization of DNA methyltransferase within mammalian 
replication foci requires a distinct targeting sequence (Leonhardt et al. 
1992). Thus, as in other replication systems, assembly of mammalian 
replication complexes occurs through an ordered series of protein-protein 
interactions. In contrast to other systems, however, the assembly process 
may be directed by initiation complexes that are not associated with 
specific DNA sequences. 


THE ORDER OF REPLICON SYNTHESIS 


There is significant evidence for an ordered, but malleable, program of 
DNA replication in mammalian cells (see Simon and Cedar, this 
volume). Transcription appears to have a particularly strong influence on 
the time during S phase that a sequence is replicated: Genes that are tran- 
scriptionally competent tend to be replicated in the first quarter of S 
phase, whereas those that are not tend to replicate later (Hatton et al. 
1988). How might transcription influence replication timing? In early S 
phase, replication sites coincide with sites of transcription in late G, 
(Hassan et al. 1994), suggesting that, as for some prokaryotic origins, ac- 
tivation of mammalian origins could be linked to the act of transcription 
(Hassan and Cook 1994). However, the colocalization of transcription 
and replication sites could be related to the structural organization of 
transcriptionally active chromatin within the nucleus rather than the pro- 
cess of transcription itself. Alternatively, regulatory transcription factors 
could participate in the assembly of initiation complexes at both gene 
promoters and replication origins (for review, see Pederson and Heintz 
1994), and this class of DNA-binding proteins could serve to link the two 
processes in the cell cycle (see van der Vliet, this volume). 


THE SEARCH FOR REPLICATION ORIGINS IN MAMMALIAN CELLS 


The genetic elements involved in initiation of DNA synthesis are well 
described in only one eukaryote—the yeast Saccharomyces cerevisiae. 
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Minimal replicators from S. cerevisiae contain at least two functional 
domains: Domain A encompasses a core consensus sequence (the ACS) 
that is necessary, but not sufficient, for origin activity, and domain B har- 
bors heterogeneous accessory sequences that enhance the efficiency of 
origin utilization (see Newlon, this volume). The fact that heterogeneous 
accessory elements act in concert with the yeast origin core suggests that 
yeast replicators resemble gene promoters (Heintz et al. 1992), a notion 
reinforced by the observation that transcription factors stimulate yeast 
origin activity (for review, see Pederson and Heintz 1994). 

The time of activation during S phase and the frequency of origin 
utilization in yeast are subject to chromosomal context (Fangman and 
Brewer 1991), suggesting that long-range chromatin determinants or 
other factors (i.e., transcription) influence the distribution or activity of 
yeast initiator proteins. Indeed, a strong candidate for the S. cerevisiae 
initiator protein, the origin recognition complex (ORC), functions in both 
DNA replication (Bell and Stillman 1992) and the repression of tran- 
scription (Foss et al. 1993). ORC is bound to the yeast origin ARS/ 
throughout most of the cell cycle (Diffley and Cocker 1992), and 
proteins that interact with ORC in a cell-cycle-dependent manner appear 
to control origin activation during entry into S phase (Diffley et al. 1994; 
Dowell et al. 1994). Presumably, the proteins that interact with ORC to 
achieve repression of transcription differ from those that interact with 
ORC during initiation of DNA replication. 

Given the high degree of conservation of replication enzymes and the 
kinase cascades that control entry into the S phase in eukaryotes, it 
would be surprising if animal cells did not contain homologs of ORC. 
Nonetheless, replication origins in mammalian cells clearly differ from 
those in S. cerevisiae. In S. cerevisiae, replication of episomal plasmids 
requires specific DNA sequences, thereby allowing dissection of the cis- 
acting elements involved in replicator function. The identification of 
mammalian replicators by plasmid replication assays has proven far less 
successful. Regions of the c-myc promoter (McWhinney and Leffak 
1990), the adenosine deaminase gene region (Virta-Pearlman et al. 
1993), hsp70 gene promoter (Taira et al. 1994), and several anonymous 
sequences (Frappier and Zannis-Hadjopoulos 1987; Masukata et al. 
1993; Nielson et al. 1994) have been reported to support the episomal 
replication of recombinant plasmids. In several instances, the sequences 
that promote plasmid replication have been shown to serve as initiation 
sites in the chromosome (see DePamphilis, this volume). However, sig- 
nificant variations in the results of plasmid transfection experiments have 
been observed in different laboratories (Burhans et al. 1990; Caddle and 
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Calos 1992; Matsukata et al. 1993), suggesting that the assay may not ac- 
curately detect cis-acting sequences of chromosomal replicators. Study 
of initiation activity with an assay based on the nuclear retention of plas- 
mids by the Epstein-Barr virus EBNA1 protein indicates that size, and 
not primary sequence composition, is the most critical factor affecting 
the efficiency of plasmid replication in animal cells (Krysan et al. 1989). 
Additional studies in the EBNA1 system indicate that initiation occurs at 
random sites in plasmid DNA (Krysan and Calos 1991) and is precluded 
only from transcribed regions (Haase et al. 1994). 

ARS activity in plasmids may reflect the relative propensity of dif- 
ferent DNA sequences to unwind under superhelical stress. When super- 
coiled plasmids are incubated with DNA polymerase-a:primase, RP-A, 
T antigen, and gyrase in vitro, initiation is observed at the c-myc 
promoter, the yeast origin ARS/, and, to a lesser extent, the DHFR orif 
region (Ishimi et al. 1994). A survey of human DNA for the ability to 
support priming of DNA synthesis by DNA polymerase-a:primase in the 
presence of RP-A in vitro showed that site-specific synthesis occurs pref- 
erentially at sequences containing the dinucleotide repeat dA:dT (Pack 
and Tsurimoto 1994). Since poly(dA:dT) repeats have a low free energy 
for unwinding, these sequences tend to become single-stranded in super- 
coiled plasmids (Caddle et al. 1990b; Pack and Tsurimoto 1994), a prop- 
erty that accounts for their preferential use as in vitro initiation sites. Al- 
though DNA unwinding elements (DUEs) are important components of 
replication origins (see DePamphilis, this volume), further work is re- 
quired before a relationship between sequences that promote plasmid 
DNA replication and those that function as replicators in the chromo- 
some can be established. 


INITIATION SITES IN MAMMALIAN CHROMOSOMES 


Without a definitive genetic assay, mapping of initiation events to 
specific sites in mammalian chromosomes has been largely limited to 
methods that are based on the conserved features of replication forks. 
Replication forks in animal cells have the same organization as those in 
other organisms: DNA synthesis is semi-discontinuous, with one 
template strand duplicated by a highly processive polymerase complex, 
and the other copied by a discontinuous mechanism through the agency 
of Okazaki fragments (see, e.g., Waga and Stillman 1994). Since mam- 
malian DNA replication is semi-discontinuous and bidirectional, origin- 
mapping methods are based on assays that assess the template specificity 
of leading- and lagging-strand synthesis, polarity of replication fork 
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movement, stability of DNA in replication bubbles, size of nascent DNA 
strands, or electrophoretic migration of replication forks and bubbles in 
two-dimensional (2D) gels (for review, see Vassilev and DePamphilis 
1992). Similarly, labeling of DNA during entry into the S phase has been 
used to isolate initiation sites. However, as has been noted previously 
(Stillman 1994), mapping of initiation sites is not synonymous with map- 
ping the cis-acting elements of replicators. For example, mapping of 
transcription start sites would not necessarily identify cis-acting enhancer 
elements that act at a distance to influence gene expression. 

Using a variety of techniques, origin-mapping experiments have lo- 
cated initiation sites near the c-myc promoter region (Vassilev and 
Johnson 1990), two different regions of the murine adenosine deaminase 
gene locus (Carroll et al. 1993; Virta-Pearlman et al. 1993), the im- 
munoglobulin heavy-chain enhancer (Ariizumi et al. 1993), the rhodop- 
sin gene locus (Gale et al. 1992), the nontranscribed portion of the rDNA 
repeats (Little et al. 1993), the RPS14 gene (Tasheva and Roufa 1994a), 
the lamin B2 gene (Giacca et al. 1994), the hsp70 gene (Taira et al. 
1994), the human B-globin locus (Kitsberg et al. 1993), and the Chinese 
hamster dihydrofolate reductase (DHFR) domain (see below). These ini- 
tiation sites show no obvious spatial relationship to transcription units, 
and features of these sequences that contribute to their use as initiation 
sites are difficult to discern. Since regulatory transcription factors have 
been shown to act as accessory factors in the initiation of viral and yeast 
DNA replication (for review, see Pederson and Heintz 1994), the distri- 
bution of transcription factor binding sites is potentially interesting. 
However, the consensus sequences for transcription factor binding sites 
tend to be short and tolerate a number of substitutions, and therefore 
these sequences tend to be widely distributed in genomic DNA (Dobbs et 
al. 1994). Binding sites for the sequence-specific single-stranded DNA- 
binding protein Pur are found in gene promoters and mammalian initia- 
tion sites at a higher frequency than expected by chance (Bergemann and 
Johnson 1992; Dobbs et al. 1994). A Pur-binding site juxtaposed to the 
JC virus core replication origin has been shown to be important for both 
viral DNA replication (Chang et al. 1994) and early gene transcription 
(Chen et al. 1995), suggesting that Pur could also play a role in mam- 
malian replication. Although comparison of six initiation sites has identi- 
fied a degenerate consensus sequence (Dobbs et al. 1994), the consensus 
has not been shown to have a function analogous to the ACS of S. 
cerevisiae replicators. 

Given the lack of a definitive assay, demonstration that specific se- 
quences or DNA-binding proteins are involved in initiation in mam- 
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malian cells is certain to be difficult. An additional factor that confounds 
the identification of replicators and initiators in mammalian cells is the 
apparent decentralization of initiation events, a phenomenon that has 
been documented most thoroughly in the DHFR domain of Chinese ham- 
ster cells. 


THE CHINESE HAMSTER DHFR AMPLICON 


During the past decade, several laboratories have studied replication of 
the DHFR domain of Chinese hamster ovary (CHO) cells in an effort to 
identify the sequences that regulate initiation of DNA synthesis in mam- 
malian cells. Since the CHO DHFR system has been examined with 
every available replication assay, it provides a good perspective of the 
search for mammalian replicators. In addition, recent studies link the 
promoter of the DHFR gene to initiation of DNA synthesis, an observa- 
tion that reinforces the suggestion that DNA replication and gene expres- 
sion are intimately intertwined processes. 

Study of the Chinese hamster DHFR domain began with the observa- 
tion that the mitotic chromosomes of methotrexate-resistant CHO cells 
contain large regions that display a monotonous Giemsa staining pattern. 
In the methotrexate-resistant cell strain CHOC 400, homogeneously 
staining regions (HSRs) were shown to encompass about 1000 copies of 
the gene that encodes DHFR, the enzyme inhibited by methotrexate 
(Milbrandt et al. 1981). Molecular cloning showed that each amplified 
DHER gene of CHOC 400 cells is embedded in a tandemly repeated unit 
(or amplicon) of about 250 kb (Looney and Hamlin 1987). Each CHOC 
400 amplicon contains at least three transcription units: the 25-kb DHFR 
gene (Milbrandt et al. 1983), the 65-kb Rep3 gene that encodes a MutS 
homolog (Mitchell et al. 1986), and the 34-kb 2BE2121 gene that en- 
codes a protein of unknown function (Foreman and Hamlin 1989). The 
organization of the CHOC 400 DHFR amplicon is shown in Figure 1. 

Retroactive labeling of mitotic chromosomes showed that replication 
of the HSRs begins at the onset of the CHOC 400 S phase (Milbrandt et 
al. 1981), suggesting that each DHFR amplicon contains at least one 
replication origin that is activated early in the S phase. Pulse-labeling 
studies in synchronized CHOC 400 cells identified a series of amplified 
restriction fragments that begin replication early in the S phase (Heintz 
and Hamlin 1982). Cells synchronized with cytosine arabinoside, 
aphidicolin, or hydroxyurea showed the same pattern of fragment label- 
ing in early S (Heintz and Hamlin 1982, 1983), suggesting metabolic in- 
hibitors per se do not influence the selection of initiation sites. Cloning 
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Figure 1 Organization of the Chinese hamster DHFR amplicon. The direction of 
transcription through the DHFR, Rep3, and 2BE2121 transcription units (boxes) 
within the 250-kb DHFR amplicon is indicated by arrows. Genomic footprinting 
of protein-DNA interactions within the bidirectional DHFR/rep3 promoter 
region shows that E2F regulates induction of DHFR transcription during traver- 
sal of the G, phase (right panel). Early-labeled EcoRI fragments F, F’, and C 
from the intergenic initiation zone are shown relative to oriB, oriy, and a matrix 
attachment region (MAR). Sequence elements near the origin of bidirectional 
DNA replication (OBR)/ori® include a densely methylated island (DMI), a 
region of stably bent DNA that binds multiple protein factors, a 450-bp AT-rich 
region, and a Z-triplex DNA motif. Binding sites for RIP60, AP1, Oct-1, and 
Pur within these sequence motifs are shown. In the lower panel, X indicates the 
boundaries of the 4.3-kb Xbal fragment discussed in the text. 


and mapping showed the early-labeled restriction fragments (ELFs) are 
located between the convergently transcribed DHFR and 2BE2121 tran- 
scription units (Fig. 1) (Heintz et al. 1983). 

A number of approaches have been used in an effort to more precisely 
map initiation events in the intergenic ELF region. Hybridization of 
DNA that had been pulse-labeled with radiolabeled thymidine during 
various intervals of the CHOC 400 S phase to immobilized plasmids sug- 
gested initiation occurs with high frequency in a 4.3-kb Xbal fragment 
that maps largely within ELF-F (Fig. 1) (Burhans et al. 1986a). Pref- 
erential labeling of this fragment was also observed when cytosine 
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arabinoside was used to stall replication forks as cells entered S phase 
(Burhans et al. 1986b), or UV-induced cross-linking of the template with 
psoralen was used to inhibit the movement of replication forks away 
from initiation sites (Anachkova and Hamlin 1989). Using an in-gel- 
renaturation technique to enrich for signals from amplified restriction 
fragments, preferential labeling during the onset of the S phase was 
shown to occur within two short regions (termed orif and oriy) that are 
separated by approximately 20 kb (Leu and Hamlin 1989). ori maps 
within the 4.3-kb XbaI fragment of ELF-F, and oriy maps within ELF-C 
(Fig. 1). 

More precise mapping methods based on the template specificity of 
leading- and lagging-strand synthesis also indicate that initiation occurs 
with high frequency at orif. Since the two forks within a replication bub- 
ble travel in opposite directions, and chromosomal DNA synthesis is 
semi-discontinuous, lagging- and leading-strand synthesis must switch 
template strands at the center of the replication bubble where DNA 
synthesis begins. Template switch points that physically demarcate 
leading- and lagging-strand initiation sites have been operationally 
defined as origins of bidirectional DNA replication (OBRs) (Vassilev 
and DePamphilis 1992). Using a nuclear run-on replication assay (Heintz 
and Stillman 1988), Okazaki fragments from CHOC 400 cells were 
labeled with [32P]dNTPs in vitro and hybridized to strand-specific M13 
clones from the DHFR ELF region. Quantitation of the strand-specific 
hybridization signals showed an OBR is located within a 450-bp region 
of the 4.3-kb early-replicating XbaI fragment that contains ori® (Burhans 
et al. 1990). 

Mapping of an OBR to orif: with Okazaki fragments is supported by 
studies on the template specificity of leading-strand intermediates. When 
cells are treated with the protein synthesis inhibitor emetine, Okazaki 
fragment synthesis is rapidly inhibited, leading to the preferential ac- 
cumulation of leading-strand replication intermediates (Burhans et al. 
1991). Mapping of the strand specificity of leading-strand intermediates 
showed that DNA replication begins preferentially at two sites within the 
DHER initiation region, one of which maps at the OBR/orif, and the sec- 
ond near oriy (Handeli et al. 1989). A significant finding from the map- 
ping of leading-strand intermediates is that the initiation sites that are 
used in CHOC 400 cells also are used in CHO cells that contain only two 
copies of the DHFR domain, a finding confirmed with PCR-based assays 
that measure the amount and length of nascent DNA strands relative to 
specific chromosomal positions (Vassilev et al. 1990; Tasheva and Roufa 
1994b; M. Giacco, pers. comm.). 
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Although there is convincing evidence that initiation of DNA syn- 
thesis occurs with high frequency at the ori8/OBR located in ELF-F, the 
conclusion that initiation occurs at a limited number of preferred sites in 
the DHFR origin region is not supported by the analysis of cellular 
replication intermediates with 2D gels. With neutral-neutral 2D gels, 
replication bubbles have been detected in every restriction fragment 
spanning the 55 kb of DNA that lies between the DHFR and 2BE2121 
transcription units (Vaughn et al. 1990; Dijkwel and Hamlin 1992; 
Dijkwel et al. 1994). Neutral-alkaline 2D gel analysis indicates replica- 
tion forks travel in both directions through many fragments in the initia- 
tion zone (Vaughn et al. 1990; Dijkwel et al. 1994), a finding that also 
indicates initiation occurs at many dispersed sites. Although it is difficult 
to compare the relative frequency of initiation events at different sites by 
2D gels, taken together, the 2D gel results indicate initiation occurs at 
many sites, perhaps even randomly, throughout the entire DHFR initia- 
tion zone (Fig. 1). 

There is strong evidence that the 2D gel patterns from CHO cells 
reflect true chromosomal replication intermediates. The migration pat- 
terns of replication intermediates from yeast and CHO cells are in- 
distinguishable (J.A. Huberman and J.L. Hamlin, pers. comm.), replica- 
tion intermediates are limited to S phase (Dijkwel and Hamlin 1992; 
Dijkwel et al. 1994), and inhibitors of DNA synthesis alter the migration 
of replication intermediates in 2D gels in a predictable fashion (Levenson 
and Hamlin 1993). 2D gel analysis of replication intermediates from the 
ribosomal DNA locus in human cells also suggests initiation occurs at 
multiple sites within nontranscribed spacer regions (Little et al. 1993). 
Models that have been proposed to account for the apparent dis- 
crepancies between 2D gel and other mapping techniques have not been 
supported by experimental evidence. Resolution of this apparent paradox 
(i.e., random versus site-specific initiation) will require the examination 
of other initiation regions by multiple techniques, and a stronger under- 
standing of the relationship between 2D gel patterns and the transient 
replication intermediates detected by labeling studies or PCR-based tech- 
niques. 


GENETIC ASSAYS FOR DHFR ORIGIN ACTIVITY 


Cloning of the DHFR initiation region led to transfection experiments to 
identify autonomously replicating sequences analogous to yeast ARS ele- 
ments. Because these experiments have been largely unsuccessful, they 
are not widely reported in the literature (see, e.g., Burhans et al. 1990). 
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Nonetheless, plasmids carrying fragments that span 40 kb of the DHFR 
initiation zone (including the OBR) have been tested for autonomous 
replication after transfection by several methods into CHO, CHOC 400, 
HeLa, 293, and COS-7 cells, all without success (N.H. Heintz, unpubl.; 
J.L. Hamlin, pers. comm.). Recently, the DHFR OBR was reported to 
support autonomous plasmid replication in vivo and in vitro (Zannis- 
Hadjopoulos et al. 1995). This latter study, however, did not directly 
compare ARS activity of the DHFR OBR to size-matched controls. 
Using the neutral-neutral 2D gel assay, Caddle and Calos (1992) tested 
the ability of a 14-kb KpnI genomic fragment that encompasses the OBR 
to support site-specific initiation in plasmids that are retained in the 
nucleus by the viral protein EBNA1. In these experiments, 2D gel analy- 
sis showed that initiation occurred at random throughout the DHFR se- 
quences, with no detectable preference for the OBR. Unfortunately, PCR 
or strand-specific mapping assays were not compared to the 2D gel 
results in this study. 

In Drosophila melanogaster, developmentally regulated origins of 
replication known as amplification control elements (ACE) mediate the 
amplification of flanking sequences when transferred to new chromo- 
somal positions (Orr-Weaver et al. 1989). Using a plasmid transfection 
assay, Stolzenburg et al. (1994) have reported that the DHFR OBR 
promotes the amplification of plasmid DNA concatemers in long-term 
transfection experiments. To determine if the DHFR origin region en- 
hances the rate of chromosomal gene amplification in a manner similar 
to Drosophila ACEs, the 14-kb KpnI fragment that encompasses the 
OBR was linked to a DHFR minigene and transfected into dhfr- CHO- 
DUKX cells (Brinton 1991). After selection for DHFR enzyme activity, 
individual cell clones were selected for methotrexate resistance. Ampli- 
fication of the integrated DHFR minigene was found to be dependent on 
chromosomal position; inclusion of the DHFR initiation region did not 
mediate position-independent gene amplification, nor did these se- 
quences influence the rate at which the DHFR minigene was amplified 
(Brinton 1991). Although heterologous genetic assays have failed to 
detect site-specific initiation or amplification activity in the 14-kb KpnI 
fragment, these sequences must have distinctive properties in the 
chromosome, for they are the only portion of the DHFR amplicon that is 
entirely refractory to UV-induced DNA repair (Ho et al. 1989). 


FEATURES OF THE DHFR OBR 


Although a cis-acting replicator for the DHFR gene has not been de- 
scribed, every origin-mapping study (including those utilizing 2D gels) 
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indicates that initiation of replication occurs with high frequency within 
the 4.3-kb Xbal fragment that contains oriB/OBR. A 6-kb region sur- 
rounding ori®/OBR has been sequenced (Caddle et al. 1990b) and ex- 
amined for DNA sequences with unusual structure, DNA unwinding 
elements, and protein-binding sites. Located near the 3’ end of the se- 
quence is a 180-bp stretch of simple alternating dinucleotide repeats that 
forms left-handed Z and triple-stranded (or triplex) DNA when subjected 
to superhelical stress in vitro (Bianchi et al. 1990; Caddle et al. 1990b). 
Primer extension studies show that DNA polymerases traverse this ele- 
ment more readily in the Z-to-triplex than triplex-to-Z DNA direction in 
vitro (Brinton et al. 1991), suggesting that the orientation of this se- 
quence may influence the rate of replication fork travel in vivo. Although 
orientation and position of the Z-triplex motif has dramatic effects on the 
rate of SV40-origin-dependent plasmid replication in COS-7 cells 
(Brinton et al. 1991), 2D gel analysis showed the Z-triplex sequence is 
not an absolute fork barrier, but rather causes the accumulation of late- 
replication intermediates in plasmids. Neutral-neutral 2D gel analysis has 
not detected a replication fork barrier at the Z triplex motif in situ 
(Vaughn et al. 1990; Dijkwel and Hamlin 1992; Dijkwel et al. 1994), and 
the function of this motif in the genome, if any, is unknown. 

The DHER initiation region contains several tracts of AT-rich se- 
quences, including a prominent 450-bp segment that is 75% AT and con- 
tains multiple near-matches to the S. cerevisiae ACS (Fig. 1). A hierar- 
chy of DNA unwinding elements in the DHFR initiation region was 
determined by digesting a panel of supercoiled plasmids with mung bean 
nuclease (MBN) as described by Kowalski and Eddy (1989). In the MBN 
assay, the DNA that was most readily unwound under superhelical stress 
is a simple alternating dA:dT repeat of 46 bp that maps about 1000 bp 3’ 
to the OBR (Caddle et al. 1990b). As discussed earlier, poly(dA:dT) se- 
quences support DNA unwinding and priming of DNA synthesis in vitro 
(Caddle et al. 1990b; Pack and Tsurimoto 1994). DNA unwinding was 
not detected in the 450-bp AT-rich region, nor was the OBR susceptible 
to nuclease scission, even when isolated from flanking sequences 
(Caddle et al. 1990b). Located approximately 700 bp downstream from 
the OBR is a region of stably bent DNA that binds multiple protein fac- 
tors, including the transcription factors AP1 and Oct-1 (Held et al. 1992), 
the DNA-binding protein RIP60 (Dailey et al. 1990), and the single- 
stranded DNA-binding protein Pur (Bergemann and Johnson 1992). The 
bent DNA AP1 site binds c-jun/c-jun and c-fos/c-jun heterodimers in 
vitro (Held et al. 1992), a result of interest since c-fos/c-jun heterodimers 
have been shown to be potent enhancers of SV40 and polyoma core 
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origin activity in transient replication assays (Guo and DePamphilis 
1992). Recently, the DHFR bent DNA motif was shown to increase the 
activity of the polyoma core origin 20-fold in transient replication assays, 
and the level of replication increased to S0-fold when the test plasmid 
was cotransfected with expression vectors for c-fos and c-jun (K. Mura- 
kami et al., in prep.). 

Footprinting of the bent DNA region with HeLa cell nuclear extract in 
vitro identified a 60-kD DNA-binding protein called RIP60 that binds to 
an ATT-repeat motif 20 bp 3’ to the bent DNA AP1 site (Fig. 1) (Dailey 
et al. 1990). RIP60 bends DNA toward the major groove about 82° 
(Caddle et al. 1990a; M. Soultanakis and N. H. Heintz, unpubl.) and, 
when bound to the native bent DNA motif, counteracts the direction of 
DNA-directed bending. Further work showed that RIP60 binds to a sec- 
ond site within the 450 bp of the 4.3-kb Xbal fragment that includes the 
OBR (P. Held and N. H. Heintz, unpubl.). Dimers of RIP60 bound to 
both sites mediate the formation of a 710-bp twisted DNA loop in vitro 
(Mastrangelo et al. 1993). Thus, DNA looping by RIP60 links an AP1- 
dependent replication enhancer to the OBR in vitro. Recently, the se- 
quences between the two RIP60-binding sites were shown to encompass 
a large densely methylated island (DMI) in which virtually all dC 
residues are methylated (Tasheva and Roufa 1994b). Methylation of the 
DMI is prominent in cycling cells, is lost in quiescent cells, and reap- 
pears within 48 hours after quiescent cells are stimulated to reenter the 
cell cycle. A second DMI has been mapped near an initiation site associ- 
ated with the RPS14 gene (Tasheva and Roufa 1994a). These reports 
suggest that growth-regulated changes in DNA methylation may in- 
fluence initiation of DNA replication, and they raise the possibility that 
the failure of transfection assays to identify mammalian origin elements 
may be due to lack of proper methylation of the DNA template, a post- 
synthetic modification that is absent in yeast. 


REPLICATION OF THE DHFR AMPLICON IN NUCLEI 


Cell fusion experiments show that S-phase mammalian cells contain a 
diffusible signal that induces DNA synthesis in G, nuclei. In an attempt 
to reproduce this finding in vitro, a nuclear run-on replication assay was 
developed for CHOC 400 cells (Heintz and Stillman 1988). Incubation of 
nuclei with cytosol from cells staged at various points in the cell cycle 
showed that S-phase extracts support higher rates of DNA synthesis in S- 
phase nuclei than do G, extracts, and that G, extracts do not contain a 
dominant inhibitor of DNA replication. However, under these conditions, 
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S-phase extracts do not induce initiation of DNA synthesis in CHOC 400 
nuclei isolated from G, cells. 

In contrast, Xenopus egg extracts that support nuclear assembly and 
DNA replication in vitro are able to induce DNA synthesis in nuclei iso- 
lated from CHOC 400 cells arrested in G, (Gilbert et al. 1993). Synthesis 
begins in the DHFR initiation zone, suggesting that the protein factors 
and nuclear structure that dictate selection of initiation sites reside in 
CHOC 400 G, nuclei, and that Xenopus extracts can activate mammalian 
initiation complexes (Gilbert et al. 1995). Interestingly, induction of 
DNA synthesis is sensitive to the protein kinase inhibitor 6-DMAP (Gil- 
bert et al. 1995), a finding that indicates kinases in the Xenopus extract 
are able to phosphorylate factors in the extract or in the G, nucleus re- 
quired for entry into the S phase. Fractionation of the Xenopus extract 
may lead to the identification of kinase activities required to activate 
mammalian replication complexes. 


LINKS BETWEEN TRANSCRIPTION AND REPLICATION 
IN THE DHFR AMPLICON 


Density shift (Caddle and Heintz 1990) and 2D gel analysis of replica- 
tion intermediates (Vaughn et al. 1990; Dijkwel and Hamlin 1992) show 
that initiation occurs in only one of ten DHFR amplicons during the typi- 
cal cell cycle. Since the DHFR amplicons share the same primary se- 
quence, failure to initiate at every amplicon could be due to several fac- 
tors: (1) The initiation region of each amplicon may not be associated 
with the nuclear matrix, a notion supported by preliminary experimental 
evidence (Dijkwel and Hamlin 1988); (2) there may be insufficient 
amounts of initiation proteins and replication factors for the assembly of 
replication complexes at all amplicons; and (3) initiation may be linked 
to transcription of the DHFR gene, and each copy of the DHFR gene 
may not be transcribed during every cell cycle. 

A link between transcription of the DHFR gene and initiation is 
strengthened by the observation that chromosomal! deletions that remove 
the DHFR promoter, but not the body of the DHFR gene or the 3’ origin 
region, delay or abolish initiation in the early-replicating region (V. 
Levenson et al., pers. comm.). Genomic footprinting of the bidirectional 
DHFR/Rep3 promoter region during the cell cycle shows that in G, the 
DHER promoter is bound by a basal transcription complex that includes 
the transcription factor Sp1 and a protein bound at the transcription start 
site, and that elevated expression of DHFR during traversal of G, is cor- 
related with occupancy of an E2F transcription factor binding site (see 
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Fig. 1) (J. Wells et al., in prep.). The promoter footprinting studies show 
that all 1000 copies of the DHFR promoter in CHOC 400 cells are oc- 
cupied by a basal transcription complex, suggesting that failure to initiate 
replication in each amplicon during every cell cycle is not due to dif- 
ferences in access to general or regulatory transcription factors. 

Evidence from another system suggests that gene promoters may in- 
fluence replication by mechanisms other than inducing transcription per 
se. Deletion of an 8-kb segment of the human f-globin domain alters the 
template specificity of leading-strand DNA synthesis in the globin 
domain from a divergent, bidirectional pattern to a unidirectional pattern 
(Kitsberg et al. 1993), suggesting that the deletion has removed one or 
more elements of a replicator required for initiation of bidirectional 
replication at a specific site. The globin deletion alters the replication 
pattern whether or not the locus is transcribed, suggesting that in addition 
to regulating transcription, promoter sequences may have additional 
functions, such as promoting the association of the globin domain with 
the nuclear matrix. Other deletions in the globin locus, far removed from 
the initiation site, change the replication timing and long-range 
chromatin structure of this region, alterations that also influence globin 
gene expression (Forrester et al. 1990). 


SUMMARY 


Given the lack of a reliable genetic assay; the fact that specific sequence 
elements are not required for nuclear assembly, initiation of DNA syn- 
thesis, or limiting replication to once per cell cycle in Xenopus egg ex- 
tracts; and the heterogeneity of sequences that appear to function as ini- 
tiation sites in mammalian cells, a perplexing picture of mammalian 
replicators has emerged. How might initiation sites be selected in animal 
cells? First, the deposition of initiation complexes on DNA may be 
determined by a combination of primary sequence elements, chromatin 
organization, and nuclear structure. Study of the flanking sequences that 
affect the time and frequency of activation of replication origins in yeast 
may provide important clues about the determinants that influence the se- 
lection of mammalian initiation sites. Second, fixed cis-acting replicator 
sequences could act at a distance (perhaps by DNA looping) to inspire 
initiation at multiple sites. If mammalian replicators resemble gene 
promoters, cis-acting replicator elements could be dispersed over thou- 
sands of kilobase pairs and overlap with those elements required for 
regulation of transcription and chromatin organization within the same 
replicon. This possibility is attractive, for it suggests that factors which 
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influence nuclear structure could account for the strong link between 
replication and transcription control. Third, as proposed by Benbow and 
colleagues (Benbow et al. 1992), DNA unwinding could commence at 
specific sites but be uncoupled from the assembly of replication forks, 
leading to a decentralized initiation pattern. Given the complexity of de- 
velopment and differentiation in mammals, it is not surprising that there 
are significant differences between replication origins in mammalian 
cells and yeast. The task at hand is to understand the significance of these 
differences in the context of eukaryotic evolution. 
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